Abstract Image quantification studies in positron emission tomography/computed tomography (PET/CT) are of immense importance in the diagnosis and follow-up of variety of cancers. In this review we have described the current image quantification methodologies employed in 1 8 Ffluorodeoxyglucose ( 18 F-FDG) PET in major oncological conditions with particular emphasis on tumor heterogeneity studies. We have described various quantitative parameters being used in PET image analysis. The main contemporary methodology is to measure tumor metabolic activity; however, analysis of other image-related parameters is also increasing. Primarily, we have identified the existing role of tumor heterogeneity studies in major cancers using 18 F-FDG PET. We have also described some newer radiopharmaceuticals other than 18 F-FDG being studied/used in the management of these cancers. Tumor heterogeneity studies are being performed in almost all major oncological conditions using 18 F-FDG PET. The role of these studies is very promising in the management of these conditions.
Introduction
Cancer is a leading cause of death in the world and requires accurate diagnosis, staging and restaging for optimal therapeutic management. Positron emission tomography (PET) with 2-deoxy-2-[fluorine-18]fluoro-D-glucose ( 18 F-FDG), an analog of glucose, provides important functional information on cancer cells because of the increased glucose uptake and glycolysis and represents metabolic abnormalities before morphological changes occur [1] . PET is increasingly being used for diagnosis, staging, and therapy response evaluation in various tumors [2, 3] . One of the main advantages of PET is its ability to quantitate the metabolic activity of any tumor that cannot be as accurately measured by using other diagnostic modalities. This approach is particularly useful while evaluating prognosis and assessing the response to treatment in routine oncological practice [4] . On the other hand, if the image interpretation is merely done on a visual process, certain useful information is lost as there are features within each image that may not be appreciated readily by the naked eye [5] . In this review, the quantification methods used in PET image interpretation are discussed under volumetric quantification methods and texture-based quantification methods (tumor heterogeneity study). We have also incorporated some of the important non-FDG radiotracers that are being used in clinical practice or are under clinical investigations.
Volumetric Quantification Methods
The most commonly used parameter for semiquantitative analysis of PET images is the standard uptake value (SUV). There are two methods to calculate SUV: one method is to calculate it voxel wise and the other is using the region of interest (ROI). SUV is the ratio of the tissue radioactivity concentration and injected radiotracer dose adjusted by body weight [6] . A commonly used parameter is the maximum SUV (SUV max ), which is obtained for one voxel ROI that corresponds to the maximum voxel value in the tumor. SUV max is a commonly used parameter as it provides an observer-independent quantity. Another semiquantitative parameter is the mean SUV (SUV mean ), which is the mean of metabolic activity in a particular area of tumor mass. An important disadvantage associated with SUV max is that it does not essentially characterize the total activity for the entire tumor mass. This is because a single voxel might not represent the inhomogeneous overall uptake by the entire tumor [4] . The probable causes of heterogeneity in 18 F-FDG uptake, within the tumor mass, are necrosis, cellular proliferation, blood flow, microvessel density, and hypoxia [7] . Intratumoral 18 F-FDG heterogeneity may complicate accurate response assessment with PET and is discussed later in this review. Furthermore, SUV is very sensitive to a variety of confounding factors, including technical factors such as the incorrect calibration, biological factors such as the blood glucose level and inflammation, and physical factors such as image reconstruction parameters and the region of interest [2] . As various other quantitative measures can be derived from 18 F-FDG PET studies, it is anticipated that the methods other than SUV may be more objective and less influenced by confounding factors and may offer greater assistance in the prognosis assessment [8] .
Compartmental modeling (CM) is another quantitative measure in PET imaging, apart from SUV measurements, which is also known as kinetic modeling and is considered the gold standard in PET quantification [9] . Watabe et al. [10] and Gunn et al. [11] have provided in-depth details of the mathematics involved in CM. The radiotracer is supposed to be swapped between the body compartments in CM; thus, each part represents a homogeneous physiological or biochemical unit. The first-order differential equations are used to describe the rates at which the tracer is shifted among these compartments [9] . Advantages of this method are its reliability andindependence of scanning time or plasma clearance in contrast to the SUV. A disadvantage is its complex acquisition protocol that comprises dynamic scanning from the time of injection and, generally, arterial blood sampling used as the input function [9] .
The graphical method includes the modified CM and can be used to estimate certain combinations of parameters by properly transforming those estimation equations that are the basis of the compartmental models. Two kinds of graphical methods are the Logan and the Patlak plots, which are applicable to reversible and irreversible tracers, respectively [9, 12] .
The spectral analysis (SA) is an additional modification of the CM and was introduced to PET quantification in 1993 by Cunningham and Jones [13] . Similar to compartmental modeling, SA defines the radiotracer kinetics by a series of compartments that represent similar physiological or biochemical states. These four methods are summarized in Table 1 . The main objective of these quantification parameters is to measure the metabolic activity within an entire tumor mass and measure the total changes in tumor glycolysis.
The other parameters reflecting the metabolic activity of tumors are the metabolic tumor volume (MTV) and total lesion glycolysis (TLG). MTV is a volumetric measurement of the tumor cells with increased DG uptake, thus representing high glycolytic activity, while TLG is defined as the product of the mean SUV and tumor volume [4] . The changes in these parameters between the scans before and after the treatment may be useful in the prediction of therapy response in various types of cancers [14] . These parameters also have the potential to be used as powerful prognostic tools in clinical practice [4] . Thus, patient prognosis and response to a particular therapy can be assessed by using MTV and TLG. However, the clinical significance of these parameters is yet to be established, and more prospective, large-scale studies are required, other than retrospective studies, for the purpose of validating these quantitative parameters [4] .
Tumor Heterogeneity Studies
Various factors accounting for heterogeneity within tumors are regional variation in tumor proliferation, cell death, metabolic activity, vascular structure, etc. It is also proposed that the relapse and metastatic behaviors of tumors are due to cancer stem cells, which exist in discrete microenvironmental niches [15] . It has been shown that tumor heterogeneity can be associated with disease progression, response to therapy, and malignant behavior of the tumor. However, information concerning tumor heterogeneity is not properly utilized even in imaging-based studies, and there is no agreement or consensus regarding this aspect [15] .
Tumor heterogeneity studies within the solid tumors require either imaging or histological data. The latter provides high spatial resolution and also better biological specificity, but associated weaknesses are difficulty in localization, sampling errors, and basically an inability to repeat. In contrast to histological data, data from imaging studies can not only provide spatial information, but also the procedures are minimal or non-invasive and can be repeated several times [15] . As tumor heterogeneity is associated with various adverse prognostic factors, a measure that can investigate tumor heterogeneity in analysis may also reflect the malignancy potential of tumors, although the biological relationship is still poorly understood [8, 16] . In medical imaging, tumor heterogeneity is recorded as spatial variations in intensity; this type of data can be analyzed by textural analysis.
Textural analysis is a group of computational methods that can extract information about the relation between adjacent pixels (textural features) from the given image. These methods have long been applied to various fields [16] [17] [18] and have been applied in other fields of medical imaging like MRI [19] , but its introduction to PET imaging was relatively late. Although the amount of data and level of evidence are still not very satisfactory, the results from the limited number of studies show that a group of textural parameters have more predictive and prognostic power compared to the de facto standard SUV [8, 16] . While various measures have been designed for textural analysis, the most frequently used methods employ statistical descriptions of the pixels and the relation between pixels. The textural features can be classified according to the number of pixels involved in calculation of each relation. For example, first order features only consider the statistical distribution of the intensity of each pixel, while second order features consider the relation of two pixels adjacent to each other.
The relations are first summarized into a histogram and a set of matrices. The matrices usually calculated in the analysis are the co-occurrence matrices or spatial gray level dependence matrices (SGLDM), neighborhood gray-tone difference matrices (NGTDM), gray level run length matrices (GLRLM), and gray level size zone matrices (GLSZM) [16] . Each matrix is briefly described in this article, and further information can be found in the works by other authors [8, 16-18, 20, 21] .
A co-occurrence matrix is used to extract the second-order information from the given image. It is defined by the number of pixel pairs separated by an offset [17] . Mathematically, a co-occurrence matrix C defined over a n×m gray level matrix I can be expressed as:
Where d is the offset vector. The co-occurrence matrix has the important characteristic that it is invariant under intensity transform [22] .
Other matrices are used to extract higher order information. Neighboring gray-tone difference matrices (NGTDM) reflect the amount of local intensity variation and intensity difference relative to the surrounding pixels. An ith entry s(i) in NGTDM is given as the sum of differences between the intensity i and the average intensity A i over the pixels neighboring the pixel with intensity i:
Here {N i } is the set of all pixels with intensity i, and
where d is the size of the neighborhood and W=(2d+1) 2 [21] . A gray level run length matrix R(α) in some α direction can be expressed as:
Here r'(i,j|α) is the number of runs with intensity i of run length j in the α direction [18, 22] .
Gray level size zone matrices describe the flat zones (i.e., connected regions of constant intensity) in the given image. An (s n ,g m ) th element GS(s n ,g m ) of GLSZM is given by the number of flat zones of size s n and of gray level g m . GLSZM has the advantage that it does not require calculations in several directions [20] .
Textural features can be extracted when the calculation of the histogram and the matrices are done. They can be grouped into global, local, and regional features. Of all the available features, only the commonly used features are described in this article.
Global features are calculated from the histogram. The features include familiar measures such as minimum/mean/ maximum intensity, variance/standard deviation, skewness, and kurtosis. Features such as energy, entropy, contrast, correlation, homogeneity, and dissimilarity are calculated from the co-occurrence matrix and NGTDM [17, 23] . They represent the relation between two adjacent pixels, and many of them are analogous to the human perception of texture. The Table 2 , while the local features calculated from the NGTDM are summarized in Table 3 . The remaining features are higher order regional features and are calculated from GLRLM and GLSZM. Since GLSZM is an extension of GLRLM into a higher dimension (one-dimensional 'runs' into two-dimensional 'zones') [20] , the two matrices are similar in nature, and Tixier et al. found that the results from the two matrices are very well correlated, thus giving similar results [16] . Because of this similarity, only the textural features calculated from the GLSZM are described below. Corresponding features from GLRLM can be calculated analogously.
Common textural features calculated from GLSZM include size-zone features with various emphases on large-/small-area zones, on high-/low-intensity, and on combinations of these emphases, intensity and size-zone variability, and zone percentage. These regional features are summarized in Table 4 [18, 24] . Galavis et al. [25] studied the variability of textural features in PET images such as entropy-first order, energy, maximal correlation coefficient, low-gray level run emphasis, contrast-NGTD, coarseness, homogeneity, and busyness due to different acquisition modes and reconstruction parameters. They concluded that entropy-first order, energy, maximal correlation coefficient, and low-gray level run emphases were the textural features that showed small variations in cases of different acquisition modes and reconstruction parameters; hence, these could be used for reproducible tumor segmentation, whereas textural features such as homogeneity, contrast-NGTD, busyness, and coarseness were more variable for different parameters.
PET Heterogeneity Studies in Major Cancers

Breast Cancer
Breast carcinoma is the most common cancer in women in Western Europe and US. Its incidence is highest in the 40-55 age range, and its prevalence is increasing. Breast cancer is the 2nd cause of cancer death in the above-stated countries [26, 27] . Regarding the diagnosis of breast cancer, its detection entails the ability to reveal small (1 cm), nonpalpable, invasive, and in situ malignant lesions, which is beyond the current capability of whole-body 18 F-FDG PET. Thus, 18 F-FDG PET is infrequently used for the detection of primary breast cancer [28, 29] . However, 18 F-FDG PET has been shown to be particularly useful in the restaging of breast cancer and in evaluation of response to therapy. 18 F-FDG PET results can also modify therapy options in patients with suspicion of recurrence and/or distant metastasis, mainly by establishing local or distant lymph node involvement that is not seen by other imaging modalities [28, 30] .
Winter et al. [31] studied the role of PET in breast carcinoma by performing PET scans on 124 patients with known breast cancer (79 of these patients had a tumor size less than 3 cm in the greatest dimension). All primary tumors were seen clearly by 18 F-FDG PET, thus resulting in a sensitivity of 100 %. A study conducted by Samson et al. [29] using 18 F-FDG PET resulted in 88 % sensitivity, 80 % specificity for breast cancer, and 61 % sensitivity and 80 % specificity for axillary metastases. Gang et al. [32] conducted a metaanalysis on 18 F-FDG PET and other imaging modalities for the evaluation of breast cancer recurrence and metastases. Forty-eight studies were chosen from 1,017 studies. The results showed that ultrasonography and MRI had the highest pooled specificity of 0.962 and 0.929, respectively, whereas PET and MRI showed the highest pooled sensitivity of 0.9530 and 0.9500, respectively. Both MRI and PET had the highest sensitivity, which resulted in a higher cancer detection rate. Mankoff et al. [30] stated that changes in 18 F-FDG metabolism are usually ahead of the morphological changes in tumors; thus, FDG PET can show responses earlier than conventional imaging modalities. They also concluded that 18 F-FDG PET should be used as an early marker to show therapy resistance. According to Gennari et al. [33] , 18 F-FDG PET could be particularly useful in evaluating the response of Table 2 Selected local textural features based on the co-occurrence matrix p'(i,j) is the normalized co-occurrence matrix p′(i,j)=C(i,j)/R; R is the total number of pixels in the given ROI
Measure of local intensity variation
Measure of uniformity Also known as second angular moment
Measure of homogeneity
Also known as inverse difference moment
Measure of linear relationship metastatic breast cancer to systemic therapy, since conventional imaging is often challenging in this setting. A decline in 18 F-FDG uptake of 50 % or greater indicated a good response to treatment in metastatic disease. Cachin et al. [34] stated that 18 F-FDG uptake changes can prognosticate the disease in patients with metastatic breast cancer. They established that the patients showing no 18 F-FDG uptake followed by therapy showed better survival than those patients with residual 18 F-FDG uptake after therapy in patients with metastatic breast carcinoma.
Currently, SUV max is considered to be related to several clinicopathological factors of breast cancer and is used most frequently [35, 36] . However, the relationship between SUV max and clinicopathological factors of breast cancer is diverse and has not been entirely elucidated. Kaida et al. [37] performed studies on PET volumetric parameters in patients with breast carcinoma and concluded that MTV and TLG are related to certain clinicopathological factors of breast carcinoma. By comparing three different quantification parameters, they showed that TLG showed better tumor metabolism for those isolated clinicopathological factors of breast carcinoma than SUV max or MTV. Kim et al. [38] reported that MTV measured by 18 F-FDG PET/CT is helpful in the preoperative evaluation of prognosis in patients having operable breast cancer. In a recent study, Im et al. [39] performed baseline 18 F-FDG PET/CT scans of patients with locally advanced breast cancer to calculate the SUV max , MTV, and TLG of the primary lesions. They concluded that MTV and TLG could successfully describe the outcomes of neoadjuvant chemotherapy.
Tissue heterogeneity is an important factor contributing to the total 18 F-FDG uptake in breast tumors. Evaluating heterogeneity in breast cancer is complicated. Schwaiger et al. [40] found only a weak relationship between 18 F-FDG uptake and the percentage of tumor cells.
Due to the complex nature of breast cancer, the hallmarks other than glucose metabolism such as angiogenesis, altered proliferation, and evasion of apoptosis are being highlighted in order to understand the nature of breast cancer. Alternative PET tracers are being developed to focus on the specific characteristics of breast cancer [41] . F-18 fluoro-Lthymidine( 18 F-FLT) is a tracer that targets DNA replication as a measure of cell proliferation. According to SmyczekGargya et al. [42] , 18 F-FLT provides cell proliferation data rather than merely measuring glucose metabolism. The most promising avenue in the application of 18 F-FLT appears to be the follow-up of treatment response. Annexin-V derivatives are tracers that evaluate apoptosis. Initial testing is being performed on F-18 labeled annexin V in various tumors. However, in case of breast cancer, few data are available [30] . Estrogen receptor (ER) tracers such as 16α-F-18 fluoroestradiol-17β (FES) are becoming useful in evaluating treatment response. According to Mortimer et al. [43] , FES uptake predicted the response of locally advanced or metastatic breast cancer to tamoxifen therapy. Linden et al. [44] stated that quantitative FES PET can predict the response to hormonal therapy and may help guide treatment selection. They demonstrated a significant relationship between 18 F-FES PET uptake and ER expression, which was measured by immunohistochemistry. They concluded that 18 F-FES imaging could be useful for assessing the ER status in patients having multiple tumors or for those patients whose biopsy is difficult to perform. 
Measure of rapid change of intensity
Combined measure: rapid change of intensity and small size of primitives Table 4 Selected regional features based on GLSZM z(i,j) is the number of areas with intensity i and size j; Ω is the number of homogeneous areas
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Lung cancer has the highest incidence and mortality in the world. There were 1.61 million new cases and 1.38 million deaths because of lung cancer in 2008 [45] . Lung cancer develops more commonly in people above 50 years of age and those with a history of cigarette smoking. The mortality rate due to lung cancer has been rising in females in recent years, while it has stabilized in men [46] . Various imaging modalities including PET are employed these days for diagnosis, staging, and follow-up of the lung cancer patients [47] . 18 F-FDG PET is an imaging tool for assessing tumors, nodes, and metastases clinically in NSCLC. Primary tumor SUV has been studied as a potential prognostic factor for survival. In NSCLC, several studies have shown the utility of serial 18 F-FDG PET/CT to measure the response to neoadjuvant chemotherapy [48] [49] [50] [51] [52] [53] , chemoradiotherapy [54, 55] , or novel biologic therapies [56, 57] . Meta-analysis suggests that the primary tumor SUV measurement has a prognostic value in NSCLC [58, 59] . There is also more limited evidence that the level of uptake on pretreatment scans, as measured by various standardized uptake value (SUV) parameters, may be predictive [60] [61] [62] [63] , but the results conflict as to whether high or low SUVs are predictive depending on treatment modality [62, 63] . Some researchers have tried to establish the role of dual time point PET/CT in the management of NSCLC. In an investigation done by Kim et al. [64] , it has been shown that dual time point PET/CT can provide improved diagnostic accuracy for the lymph node staging of NSCLC.
PET-based volumetric imaging parameters are also potential prognostic markers of outcome in patients with NSCLC. Several studies have shown that MTV and TLG have prognostic value in non-classified [65, 66] , surgical [67, 68] , nonsurgical [69] [70] [71] , and post-surgical [72] patients with NSCLC. In a retrospective study done by Yoo et al. [73] , it has been shown that MTV of the primary lung lesion in patients with NSCLC can further stratify them into subgroups of significantly better and worse prognosis. In other recently published data, Hyun et al. [74] suggested that volume-based quantitative PET parameters including MTV and TLG could be used as independent prognostic criteria apart from a pathological staging system. They also recommended these volumetric parameters as more accurate than SUV max for survival prediction in early stage NSCLC patients.
Some heterogeneity parameters have also been described in the literature using 18 F-FDG PET in NSCLC. Van Velden et al. [7] evaluated a cumulative SUV-volume histogram method to parameterize heterogeneous 18 F-FDG uptake in NSCLC and concluded that it could be used as a quantitative index of heterogeneity in tracer uptake. In another study, Vaidya et al. [75] investigated a multimodality image-feature approach, based on SUV and Hounsfield units (HU), for predicting post-therapy tumor response in NSCLC. They concluded that multimodality image feature-based modeling could be a predictor of locoregional recurrence after radiotherapy. Cook et al. evaluated 18 F-FDG-PET tumor textural features in NSCLC and their association with response and survival after chemoradiotherapy and concluded that the abnormal texture measured by busyness, contrast, and coarseness was related to poor prognosis and no response to chemoradiotharepy [76] .
In addition to F-FLT PET may be used to evaluate indeterminate pulmonary nodules or to assess resectable NSCLC, and also to assess the response to therapy [77] . Researchers have also shown a potential role of 11 C-erlotinib PET/CT in cases of NSCLC [57] particularly in cases where 18 F-FDG PET was unable to localize lymph nodes. Another study on lung tumor proliferation showed that 11 C-4DST had a higher correlation than for 18 F-FDG and that 11 C-4DST PET/CT may be used for noninvasive imaging of DNA synthesis in patients with NSCLC [78] .
Esophageal Cancer
Esophageal cancer is among the most prevalent cancers and is one of the most difficult cancers to cure [3, 79] . While surgery alone is potentially curative in the early stage, most patients come to the hospital in the later stages and need chemoradiotherapy [16] . Due to these characteristics of esophageal cancer, 18 F-FDG PET is important in its management because of the high sensitivity in detecting metastasis and recurrence, and its potential in predicting the response to therapy [3] .
Currently,
18
F-FDG PET quantification methods that are under routine clinical use are the semiquantitative SUV-based methods [3, 79] . Kato et al. [3] found that SUV in 18 F-FDG PET is useful in the differentiation between benign and malignant tumors, in assessing distant metastasis and tumor recurrence, and in monitoring the response to therapy. Other methods based on geometry features (tumor length), geometry-intensity features (MTV), and textural features have been under investigation [80] . Hyun et al. evaluated the importance of MTV measured by 18 F-FDG PET in esophageal cancer patients and concluded that MTV can be used as a prognostic tool for the survival of these patients. They also suggested MTV to be the better survival predictor than SUV max in esophageal cancer patients [81] .
Tixier et al. [16] performed a retrospective study with newly diagnosed esophageal cancer patients treated with combined radiochemotherapy and concluded that textural analysis of tumor uptake heterogeneity on baseline 18 F-FDG PET scans can predict response to combined chemoradiation treatment in esophageal cancer. Among the 38 textural features they studied, local measures such as coarseness were statistically significant in predicting therapy response and local entropy, and regional measures such as the size variability were statistically significant in the differentiation of all three patient response groups (non-responders, partial responders, and complete responders). In a recently published study, Dong et al. [82] performed a retrospective study on patients with esophageal squamous cell carcinoma and concluded that tumor uptake heterogeneity parameters have significant correlations with SUV and tumor stage. They concluded that the correlations between T stage and SUV max , energy and entropy were statistically significant; similarly, the correlation between N stage and SUV max , entropy and energy were also statistically significant. Tan et al. [80] performed a retrospective study on patients with esophageal cancer in order to compare spatial-temporal features available in 18 F-FDG PET imaging to each other in predicting pathologic tumor response to neoadjuvant CRT in esophageal cancer and concluded that three textural features (inertia, correlation, and cluster prominence) were significant predictors and that they had the same or moderately higher areas under the receiver-operating characteristic curve (AUCs) compared to traditional SUV-based methods. In a recent study published by Hatt et al. [83] , it was proposed that parameters such as entropy, homogeneity, and dissimilarity should be preferred to local heterogeneity characterization and zone percentage should be used for regional characterization for assessing therapy response prediction in esophageal carcinoma. Their selection was based on the high differentiation power in terms of predicting response and a significant robustness that was associated with these methods.
Several radiotracers other than 18 F-FDG PET have been developed for use in PET [84] . Among the radiotracers, F-FLT is a thymidine analog with enhanced uptake i n S p h a s e a n d i s t r a p p e d i n t h e c e l l s a f t e r monophosphorylation by thymidine kinase 1(TK1). It was introduced as a PET proliferation tracer [85] . In determining the gross tumor volume, 18 F-FLT PET/CT was found to be less favorable compared to 18 F-FDG [86, 87] . Also, van Westreenen et al. [85] found that uptake of 18 F-FDG or 18 F-FLT did not correlate with proliferation. In assessing lymph node metastasis, 18 F-FLT PET/CT has significantly lower uptake in regional lymph nodes and has lower sensitivity and higher specificity in detecting regional lymph node metastasis [86] . A potential advantage of 18 F-FLT PET was that GTV delineation with 18 F-FLT PET/CT could reduce the lung and heart dose in radiotherapy planning [87] . 
Head and Neck Cancer
Head and neck cancers (HNC) have a higher incidence rate in the developed countries (4.0-6.8 out of 100,000 in males and 0.8-4.5 out of 100,000 in females) [45] . There were around 550,319 fresh HNC cases in the world in 2008 (408,735 in males and 141,584 in females) and the calculated number of deaths due to HNC in 2008 was 229,903 in males and 75, 193 in females [89] . The most common site for HNC is the oral cavity in both sexes, which is followed by the larynx in males and pharynx in females. Squamous cell carcinomas (SCC) is the most common tumor in histopathological types, and at least 75 % of these tumors are due to the combination of tobacco and alcohol intake [89] . There is growing evidence that 18 F-FDG PET imaging is a valuable imaging tool for the evaluation of patients who have HNC especially for detection of lymph node metastases. 18 F-FDG PET study has an advantage over CT and MR imaging regarding local staging and revelation of the malignant characterization of the enlarged cervical lymph nodes [90] . PET has a sensitivity and specificity to detect lymph node metastases of 90 % and 94 %, respectively, which is 82 % and 85 % in case of highresolution CT [91] .
Chung et al. [92] evaluated the relationship between MTV and HNC prognosis. They studied patients with HNC and concluded that the patients with an MTV greater than 40 ml had a 3.4-fold greater risk of recurrence than those with an MTV less than 40 ml. In another study, Choi et al. [93] evaluated the role of MTV in locally advanced head and neck cancer and concluded that MTV could be a significant prognostic indicator for mortality and disease recurrence in patients with locally advanced HNC who were treated with surgery and radiotherapy, with or without chemotherapy. Investigators from Stanford University did 18 F-FDG PET scanning in patients who were treated with chemoradiotherapy. They concluded that SUV max or SUV mean did not show a correlation with overall survival or with disease-free survival. The median MTV was 11.2 ml, while an increase in MTV was associated with recurrence risk and risk of death [94] . Chu et al. [95] evaluated the prognostic impact of MTV velocity, recorded on serial pre-radiotherapy PET/CT scans, and concluded that primary tumor MTV velocity did predict outcome.
Yu et al. [96] performed texture characterization of HNC with co-registered PET and CT images and concluded that the textural representation of head and neck tissue on PET/CT images could be used to differentiate normal and abnormal tissues. The authors were of the opinion that the textural features established on SGLDM and NGTDM were able to describe the properties of abnormal and normal tissues of the head and neck to an extent to allow ROI classification like a human expert and also that the combined texture features from both PET and CT generated better discrimination results than those using features from one modality alone. In another published study, the same authors proposed that automated segmentation using texture features of PET/CT images had the potential to provide accurate delineation of head and neck cancer [97] . Henriksson et al. [98] investigated the pattern of 18 F-FDG uptake in relation to the intratumoral histopathological appearance of head and neck squamous cell carcinoma in an animal model. They concluded that the intratumoral heterogeneity, as shown by histopathology, corresponded to heterogeneous metabolic activity measured with 18 F-FDG-PET. Other investigators have also recommended that the capability to measure the spatial distribution of tumor hypoxia might assist radiation oncologists in dose painting schemes [99] .
Some investigators have used radiopharmaceuticals other than 18 F-FDG in PET imaging for head and neck cancers. Potential tumor hypoxia imaging agents include 18 F-FMISO and copper-60-(II)-diacetyl-bis(N4-methylthiosemicarbazone). Under hypoxic conditions, 18 F-FMISO has the ability to be reduced and bound to cell constituents and can be used to assess the risk of locoregional failure during the therapy [100] . Similarly 18 F-FLT, which is used in proliferation imaging, can be used to discriminate tumor from inflammation. Menda et al. [101] performed serial 18 F-FLT scans in HNC patients to measure the effect of radiotherapy on tumor cellular proliferation. The SUV diminished after 10 Gy. They concluded that changes in 18 F-FLT uptake could be used as an early metabolic surrogate for treatment response.
Cervical Cancer
Worldwide, cervical cancer is the second most common cause of cancer-related deaths in women. Squamous cell carcinomas represent over 90 % of cervical cancers and originate in the surface epithelium of the cervix. Adenocarcinomas originate in the cervical glandular tissue and represent about 5 % to 9 % of cervical cancers. Adenosquamous carcinoma is comparatively less common and represents about 2 % to 5 % of all cervical cancers. The remainder are cervical sarcomas and small cell carcinoma of the cervix [102] . Cervical cancers differ significantly in their 18 F-FDG uptake ability, and cases with lower 18 F-FDG uptake may be related to a good prognosis [103] .
Kidd et al. [104] tried to establish a relationship between the degree of 18 F-FDG uptake and tumor histology type in patients with cervical cancer. They concluded that the mean SUV max was different in different subtypes of cervical carcinomas. Lin et al. studied dual-phase PET scans in cervical cancer patients and concluded that dual-phase 18 F-FDG PET is better than routine 18 F-FDG PET or other anatomical imaging modalities for the detection of cervical cancer metastasis [105] . In a recently published study, Mirpour et al. have described SUV max , MTV, and TLG as emerging predictive and risk stratification markers for the management of cervical cancer patients [106] . In other published data, Yoo et al. [107] described TLG as an independent prognostic factor in the management of patients with uterine cervical cancer and found that TLG might be better than SUV-based parameters and MTV in determining the prognosis of uterine cervical cancer.
El Naqa et al. [108] proposed a systematic pattern recognition approach for analyzing functional imaging data, in particular for 18 F-FDG PET in cervical cancer, and suggested that these methodologies can be used to evaluate therapy response. They noticed that the texture-based metrics had the highest predictive ability for failure risk, which was least with SUV. Explicitly, the IVH-based V10-90 and the texture energy were the most significant predictive features. In another study, El-Naqa et al. [109] concluded that certain useful clinical parameters such as overall survival (OS), recurrencefree survival (RFS), and disease-specific survival (DSS) could be better predicted by the pretreatment 18 F-FDG PET lymph node status, SUV max of the cervical tumor, and tumor volume. In another retrospective study by Kidd et al. [110] , it was concluded that intratumoral 18 F-FDG heterogeneity in cervical cancer in the pretreatment 18 F-FDG PET can be used to predict the risk of lymph node metastasis, pelvic recurrence, and also response to therapy.
In a recently published study, Yang et al. [111] analyzed intratumoral metabolic heterogeneity characterized by textural features in cervical cancer and concluded that the temporal changes in the heterogeneity of intratumoral 18 F-FDG distribution characterized at a regional scale using image-based textural features may provide an adjunctive or alternative option for understanding tumor response to chemoradiotherapy and interpreting 18 F-FDG accumulation dynamics in patients with malignant cervical tumors.
Newer radiopharmaceuticals other than 18 F-FDG are being studied in the management of cervical cancer. Schuetz et al. [112] have evaluated the role of 18-F-fluoroazomycin-arabinoside ( 18 F-FAZA) in the management of advanced cervical cancer. The authors concluded that 18 F-FAZAPET imaging is feasible; however, its predictive and prognostic value in cervical cancer remains to be clarified. Another promising agent currently under study is 60 Cu-labeled diacetyl-bis (N4-methylthiosemicarbazone) ( 60 Cu-ATSM). In a preliminary study by Dehdashti et al. [113] , locally advanced cervical cancers were evaluated before the initiation of definitive chemoradiotherapy. 60 Cu-ATSM uptake was evaluated semiquantitatively as the tumor-to-muscle activity ratio (T/M). A log-rang test determined that the T/M cutoff uptake value of >3.5 was significantly associated with worst outcome. Higher uptake of 60 Cu-ATSM has been shown to correlate with other biomarkers of tumor hypoxia such as vascular endothelial growth factor receptor (VEGF), epidermal growth factor receptor (EGFR), cycloxygenase-2, and carbonic anhydrase-IV [114] . Lymphomas PET scanning is being used as a dominant imaging modality in the assessment of patients with both non-Hodgkin's and Hodgkin's lymphoma from last 20 years. PET/CT is used in staging, restaging, recognizing possible biopsy sites, and assessing the response to therapy. Because of its ability to image the whole body, the PET scan gives precise information regarding the disease burden within the patient, thus permitting the suitable therapeutic strategy to be chosen.
Schöder et al. [115] reported that 18 F-FDG uptake was lower in low-grade NHL than in high-grade lymphomas. Similarly, Ngeow [116] et al. concluded the median SUV max of high-grade lymphoma was significantly higher than that of the low grade. They concluded that an SUV>10 indicates a high likelihood of aggressive disease. In another study, Karam et al. [117] were of the opinion that both 5-year overall survival and failure-free survival of patients with pretreatment SUV max >5 were significantly lower than those of patients with pre-treatment SUV max ≤5. Cazaentre et al. [118] reported that pretherapy 18 F-FDG PET functional parameters such as SUV max and TLG may help predict the response to single agent Y-90-based radio-immunotherapy for the management of lymphoma more accurately.
However, there are some limitations of 18 F-FDG PET quantification in lymphomas. These are described below:
1. While interpreting 18 F-FDG PET scans, a cutoff SUV used for aggressive lymphoma is more than 13 and for indolent lymphoma is less than 6; hence, a large number of patients (about 45 %) are in the "gray zone." 2. Post-therapy scanning i. Too soon: False-negative result due to temporary stunning of the tumor, not eradication. ii. Too late: False-positive result due to macrophage activity. 3. Diffuse bone marrow uptake is seen in patients who have received granulocyte-stimulating factor (GSF). 4. Rebound hyperplasia of the thymus usually results in physiologic metabolic activity after chemo-or radiotherapy.
Shinya et al. [119] conducted a study to evaluate the usefulness of 18 F-FDG dual-time-point PET/CT with semiquantitative analyses for the initial staging in patients with malignant lymphoma. They reported that this technique could have the potential to provide more accurate diagnoses for the staging of malignant lymphoma and the more important role in predicting the histological grades of malignancy compared with single-time-point 18 F-FDG PET scans. Watabe et al. [120] evaluated the intratumoral metabolic heterogeneity of 18 F-FDG uptake on PET to determine whether it might be helpful to discriminate between gastrointestinal stromal tumors (GISTs) and abdominal malignant lymphomas (MLs) on PET/CT and concluded that GISTs exhibited significantly heterogeneous intratumoral tracer uptake compared with the MLs. They also concluded that the evaluation of the intratumoral heterogeneity of 18 F-FDG uptake might be helpful in the discrimination between these tumors.
There are some non-FDG radiopharmaceuticals for PET that are being used for diagnosis of lymphomas. These are 18 F-FLT and 11 C-methionine (MET). 18 F-FLT uptake is proportional to tumor proliferation and can accurately discriminate between indolent and aggressive lymphoma; hence, it is used for proliferation imaging [121] . 18 F-FLT appears to be more accurate and specific than 18 F-FDG, particularly in the setting of interim PET analyses. MET is an amino acid essential for protein synthesis, and its uptake depicts cellular proliferation activity. Its quantification is not affected in hyperglycemic patients. It is superior to 18 F-FDG in detecting intermediate-and low-grade lymphomas and is effective in detecting CNS lymphoma [121] .
Sarcomas
The sarcomas are derived from mesenchymal tissue elements and as such are diagnosed in myriad clinical presentations. This complex group also has a wide variation in clinical outcomes, ranging from relatively indolent behavior that can be treated with surgical management to some of the most biologically aggressive and treatment-resistant tumors that can be encountered in clinical practice. Commonly, sarcomas are considered in two groups: soft tissue sarcomas and bone tumors. Work in PET imaging in soft tissue sarcomas has focused mainly on the problems in diagnosis and assessment of the biological aggressiveness of the tumor [122] . Many investigators have endeavored to evaluate the use of 18 F-FDG for the diagnosis of sarcoma, with particular aims directed toward correlation of 18 F-FDG uptake to describe tumor metabolism with tumor histologic grade. Their goal was to improve the diagnostic accuracy. Sarcomas have regional heterogeneity within the tumor mass, and some areas may be less well differentiated than others. These areas are reflected by a regional increase in 18 F-FDG uptake, easily noted on a clinical scan. From experience with pathological diagnoses, it is known that the behavior of sarcomas is usually dictated by the most biologically aggressive component. Regional tumor areas with increased uptake have histologic correlates that have been used to support the use of 18 F-FDG PET for tumor diagnosis and assessment of tumor grade [122] .
Folpe et al. [123] found that an increased tumor SUV was associated with increasing histopathological grade (grades I to III), tissue cellularity, mitotic activity, MIB labeling index, and p53 overexpression. These data suggest that 18 F-FDG PET images can be used effectively to guide biopsy. Hain et al. [124] found that areas of the tumor with the highest SUV were the most malignant regions compared to the rest of the tumor. Benign tumors did not show significant 18 F-FDG uptake. Ioannidis and Lau [125] performed a meta-analysis of 15 studies with 441 soft tissue lesions analyzed with receiveroperator curves. The authors concluded that 18 F-FDG PET might be helpful in assessing soft tissue masses in recurrent and primary tumors, but perform less well in discriminating low-grade tumors from benign ones. In sarcoma, the use of the tumor SUV max is recommended for reporting and understanding that the areas of the highest 18 F-FDG uptake correlate with tumor areas of increased cellularity and mitotic rate, and that these areas are the ones that have the most potential for aggressive behavior. It has long been known that the most biologically aggressive areas of a tumor will control the overall behavior of the tumor, so the use of the 18 F-FDG maximum uptake in a tumor has the advantage of describing the biological potential of the tumor most accurately [122] .
Similar to findings in soft tissue sarcomas, several authors have found that the level of tumor metabolic activity assessed with 18 F-FDG PET in bone tumors indicates tumor grade, and the distinction between benign and malignant tumors can be made [122] . Generally, sarcomas have higher 18 F-FDG uptake than benign bone tumors, as described by Schulte et al. [126] , but active benign tumors cannot always be distinguished from malignant ones. Patients with the Ewing's sarcoma family of tumors (ESFT) often present with distant bony metastases and "skip" lesions in an affected extremity, so a whole-body survey with 18 F-FDG PET that includes the entire extremities is an important aspect of patient staging [122] . In contrast to the osteosarcomas, the ESFTs typically have a homogenous appearance on whole-body 18 F-FDG PET. The tumor 18 F-FDG uptake (SUV max ) is generally not as high as that for osteosarcoma, the average range being from 6.0 to 8.0. This is an interesting finding since these are very cellular high-grade tumors according to the microscopic appearance [122] .
Eary et al. [127] proposed a heterogeneity analysis method in sarcomas and concluded its validity for the ability to predict patient outcome in a clinical population of patients with sarcoma. They investigated the spatial heterogeneity of 18 F-FDG distribution in the primary tumor. Their results showed that heterogeneity analysis was a strong independent predictor of patient outcome using PET imaging. They proposed that this method could also be used in other PET-based imaging modalities. In another study, O'Sullivan et al. [128] evaluated the quantitative assessment of the spatial pattern of PET imaging data of sarcomas and concluded that these patterns had provided improved prognostic information for potential input to treatment decisions for future patients. In another study, O'Sullivan et al. [129] incorporated tumor shape into the assessment of spatial heterogeneity for sarcomas imaged with 18 F-FDG PET and concluded that this approach showed some potential improvement in the risk prediction. In a study, Okazumi et al. [130] evaluated malignant behaviors, prognosis, and histological grading of soft tissue sarcomas by performing dynamic 18 F-FDG PET studies and concluded that the dynamic 18 F-FDG PET imaging could provide important information regarding these parameters.
Several studies are performed in order to evaluate radiopharmaceuticals other than 18 F-FDG in PET for the management of sarcomas. Buck et al. [131] studied the role of 18 F-FLT PET to differentiate benign from malignant sarcomas and to detect manifestation sites of bone and soft tissue sarcomas. They compared 18 F-FLT-PET with 18 F-FDG PET/CT, with anatomical imaging modalities such as MR and CT, and also with the results of biopsy. The investigators found a substantial correlation between tumor grade in biopsy and its 18 F-FLT uptake. This feature was not seen in case of 18 F-FDG; thus they concluded that 18 F-FLT PET is an appropriate imaging technique for the assessment of soft tissue and bone tumors. Tateishiet al. [132] investigated the use of choline-PET for staging patients with soft tissue and bone sarcomas compared with bone scintigraphy, chest CT, and MR and concluded that choline-PET was better in assessing the TNM compared to other imaging methodologies. Similarly, fluorine-18 fluoromisonidazole (FMISO) has been used to quantitate the levels of tissue hypoxia in sarcomas [133, 134] . Hypoxia is implied as a result or cause of increased unregulated tumor growth, neovascularization, and upregulation of stress-reactive proteins. A study on sarcomas using FMISO has shown that they are often regionally hypoxic and that these areas of hypoxia do not necessarily relate to areas of increased tumor metabolism determined by 18 F-FDG imaging [135] .
Current Limitations in PET Heterogeneity Studies
There are some limitations to evaluating tumor heterogeneity with 18 F-FDG PET. First, associating each heterogeneity feature with a specific physiologic process within the tumor is not straightforward [24] . Compared to CT or MRI, PET images have a lower spatial resolution. Small tumors below the spatial resolution of PET scans are not suitable for evaluating tumor heterogeneity [5] . In addition, many studies have focused on a limited tumor area, such as the largest cross-sectional area, rather than the whole tumor volume. Intratumoral heterogeneity is likely to be greater in the whole tumor compared to a limited region. With region-of-interest (ROI) delineation around a tumor, this has the potential to introduce inter-and intra-observer variability. If a standardized automated ROI propagation is used, non-tumor areas may be included in the analysis of the pixel values, which may confound the results obtained [5] . Third, in many studies, the number of patients included was relatively small [15, 24, 136, 137] . Results need to be confirmed in a larger data set for which additional validation can be performed. Larger multicenter studies could strengthen the statistical power to detect significant influences of using combinations of multiple PET parameters including heterogeneity on overall diagnostic performance [137] .
Summary
Management of cancer mainly depends upon various image findings. 18 F-FDG PET imaging has an established role in the management of almost all oncological conditions. There are certain semiquantitative parameters in use for estimation of tumor metabolic activity. Mainly these parameters are SUV based and have certain limitations to their use. There are other parameters that may quantify tumor heterogeneity and thus provide additional information regarding tumor behavior. Image texture analysis is one of these recently studied parameters in 18 F-FDG PET imaging, although its role in other imaging modalities such as CT, US, and MRI had been considered previously. Tumor heterogeneity studies can be performed in almost all types of cancers imaged with 18 F-FDG PET, and the results can be used to describe potential tumor behavior or to observe the effect of chemoradiotherapy. These studies can also be used to prognosticate the disease. However, to date there have been few tumor heterogeneity studies using 18 F-FDG PET. A large number of studies is required to validate these results and to use these as an important clinical tool in 18 F-FDG PET imaging. We have also identified some newer radiopharmaceuticals other than 18 F-FDG that are being studied or already in use in PET imaging. These radiotracers are mainly used for the assessment of various features of malignancy such as tumor proliferation, hypoxia, etc.
Conclusions
The concept of using heterogeneity studies in 18 F-FDG PET imaging is emerging. There are various studies in the literature regarding successful use of textural analysis to measure intratumoral heterogeneity. The comparison made between these studies with other established parameters has shown promising results and has the potential to improve cancer management. However, larger multicenter studies may be required to validate these results.
